Anodic titanium dioxide nanotube (TNT) arrays have wide applications in photocatalytic, catalysis, electronics, solar cells and biomedical implants. When TNT coatings are combined with severe plastic deformation (SPD), metal processing techniques which efficiently improve the strength of metals, a new generation of biomedical implant is made possible with both improved bulk and surface properties. This work investigated the effect of processing by high pressure torsion (HPT) and different mechanical preparations on the substrate and subsequently on the morphology of TNT layers. HPT processing was applied to refine the grain size of commercially pure titanium samples and substantially improved their strength and hardness. Subsequent anodization at 30 V in 0.25 wt. % NH 4 F for 2 hours to form TNT layers on sample surfaces prepared with different mechanical preparation methods was carried out. It appeared that the local roughness of the titanium surface on a microscopic level affected the TNT morphology more than the macroscopic surface roughness. For HPTprocessed sample, the substrate has to be pre-treated by a mechanical preparation finer than 4000 grit for HPT to have a significant influence on TNTs. During the formation of TNT layers the oxide dissolution rate was increased for the ultrafine-grained microstructure formed due to HPT processing.
Introduction
Titanium and its alloys are widely used in biomedical implants [1, 2] , because of their good mechanical and surface properties. Although the success rate of titanium implants is very high [3] , failures do happen due to various factors. Overloading and insufficient osseointergration are complications related with the implant material that demand solutions from materials science. To address overloading, processing titanium through severe plastic deformation (SPD), such as high pressure torsion (HPT) [4] , can increase hardness and strength whilst maintaining good ductility without introducing harmful or costly additional elements [5] . In addition, modifying the natural oxide layer of titanium, which provides remarkable surface properties, can address issues related to insufficient osseointegration [6] and undesired cell growth [7] [8] [9] . Titanium dioxide nanotubes (TNT) made by electrochemical anodization can modify the oxide layer, which can be utilized to positively affect cellular behaviours, such as migration [9] , adhesion [10] , proliferation [7, 10, 11] and differentiation [12, 13] . By modifying the surfaces of SPD processed titanium with TNT layers, there is a possibility to simultaneously increase the bulk and surface properties, therefore further increasing the success rate of titanium implants. The present work is the first time that the anodization behaviour of SPD processed titanium is being investigated.
A typical characteristic of ultra-fine-grained (UFG) materials made by SPD processing is their high density of lattice defects, including vacancies, dislocations, grain boundaries as well as other types of defects [4] . Grain boundaries are usually associated with an increased electrical resistivity and enhanced atom diffusivity, which may lead to a different electrochemical behaviour, such as anodization and corrosion. However, although they have shown some unusual corrosion behaviours [14] [15] [16] [17] compared to titanium in normal grain size, the anodization behaviours of UFG titanium made by SPD processing have rarely been investigated. To further understand the influence of grain refinement on anodization, a study on the anodization mechanisms of UFG titanium produced by SPD is needed.
In addition, most researches aiming to control the morphology and properties of TNT layers mainly focused on tailoring the extrinsic parameters, i.e. electrochemical parameters such as potential [18] , electrolyte types [19] [20] [21] [22] , water content [23] and sweep rates [24] . However, the influence of intrinsic factors, such as surface roughness, surface conditions and grain size and orientation of the titanium substrate are rarely studied [25] [26] [27] [28] and the significant influence of sample preparation methods on TNT growth makes it difficult to study the effects of grain size separately [27, 28] . Lu et al. [27] anodized samples with various surface conditions: as-received, chemical polished, mechanical polished and electropolished states and found that the morphologies of TNT layers on these four kinds of samples are quite different from each other. But another study using the same set of samples showed very different nanotube growth and morphologies [28] . In this work, one aim is to find out the proper sample preparation to reveal the influence of substrate microstructure on the growth of TNT layers. Therefore titanium surfaces with different surface roughness prepared only by mechanical grinding or polishing were used in anodization, so they only differ in surface roughness with similar surface chemical composition and surface oxide layer. Another aim of this study is to explore the influence of HPT processing on the TNT layers for the new generation of biomedical materials. Titanium samples in two different grain sizes: UFG titanium prepared by HPT and coarse-grained titanium were used. Since TNTs also have wide applications in other areas such as photocatalytic devices [29] , electronics [30] , solar cells [31] and sensors [32] , a study of the anodization behaviour of UFG titanium may also provide insights relevant for these applications.
Experimental
In this study, commercially pure (CP) titanium (Grade 2) was used. Before HPT processing, CP Ti extruded bars with a diameter of 10 mm were cut and ground into slices with thickness between 0.80 ~ 0.85 mm. The slices annealed at 750 ℃ for 30 minutes were designated as coarse-grained (CG) samples. The mechanism for HPT processing is illustrated in Figure 1 [33]. The experiment was carried out under a quasi-constrained condition, using two anvils under an imposed pressure, P. Torsional straining was applied through rotation of the lower anvil. HPT processing was carried out under 3 GPa pressure with 10 turns at room temperature.
A Matsuzawa Seiki MHT-1 microhardness tester was used to measure the Vickers microhardness, Hv, of the samples. All the samples were ground with SiC abrasive papers from 120, 800, 1200 and to 4000 grit successively before the hardness test. All the tests were carried out under a weight of 1000 g at a dwell time of 15 s. The tensile tests were performed on an Instron 3300 testing system with a load resolution of 0.1 N. Small tensile specimens with a 1 mm gauge length and 1 mm width were machined from HPT disks using electrodischarge machining. The ultimate tensile strength (UTS) was obtained from the tensile curve and the percentage elongation was calculated by using the elongated length of the gauge after fracture. Figure 1 Schematic illustration of the HPT facility [33] .
An Olympus BX41M-LED microscope was used for optical microscopy (OM) observation to measure the grain size of the CG sample. Samples were ground with SiC abrasive papers of 120, 800, 1200 and 4000 grit, and then polished with 6 µm and 1 µm diamond paste (Struers).
After grinding and polishing, etching with an acid solution containing HF, HNO 3 and H 2 O with a volume percentage of 2:3:10 was conducted. A linear intercept method was used for measuring grain size in OM images. A U-AN360-3 polarizer was used to make coloured metallographic images with polarized light.
A JEM 3010 Transmission Electron Microscope (TEM) was used for TEM observation with an accelerating potential of 300 kV. TEM samples were prepared through twin-jet electropolishing with a solution containing 6% HClO 4 + 4% H 2 O+ 90% ethanol under 30 V at a temperature between -30 to -25 ℃. Selected area electron diffraction (SAED) was carried out with a spot size of 360 nm. X-ray diffraction (XRD) analysis was conducted using a Bruker D2 PHASER diffractometer equipped with a graphite monochromator using Cu Kα radiation.
Prior to anodization, both CG and HPT samples were subjected to five types of mechanical pre-treatments: grinding with 120, 800, 1200 and 4000 grit abrasive papers and polishing with 1 µm diamond paste. The grits are determined from European FEPA or P-Grading standard, and particle sizes for the five treatments are 125, 22, 15, 5 and 1 µm, respectively.
In this paper, the 1 µm polished state will be referred to as the equivalent grit size, i.e. a 14000-grit state. After grinding and polishing, each sample was ultrasonicated in acetone for 15 minutes and in distilled water for 15 minutes, respectively, therefore it is expected that no particles are left on the sample surface before anodization.
After each mechanical preparation, the processed surface profiles were recorded using infinite focus optical microscopy (IFM) on an Alicona non-contact profilometer. A total of five measurements were made per sample to allow calculation of mean and standard deviation. The ASME B46.1-2002 standard was used to calculate the surface roughness of these ground samples. For the 14000-grit sample, the surface roughness (Ra) was tested on a Taylor-Hobson facility. In this investigation, data for every measurement was collected from a length of 5 mm travelled by a stylus, which records the profile information. Each sample was tested four times and the average Ra was obtained from these measurements.
Anodization was carried out on a two-electrode cell to fabricate TiO 2 nanotubes on the surface of titanium samples. In this work, an organic based electrolyte containing 0.25 wt. % ammonium fluoride (Riedel-de Haën), 1 wt. % deionized water and 98.75 wt. % glycerol (Alfa Aesar) was used. Ti samples were anodes of the cell with a round area of diameter of 0.6 mm exposed to the electrolyte. The dimensions of those anode samples are identical to the HPT sample: disk with a diameter of ~ 10 mm and thickness of ~ 0.6 mm. Constant direct currents of 30 V or 15 V were used. The distance between electrodes was 1 cm, and all the anodization experiments lasted for 2 hours. The current density vs. time transient curves (j-t curves) were recorded. CG samples anodized under 30 V are labelled as CG30 followed by grit numbers and those anodized under 15 V are labelled as CG15 followed by grit numbers.
HPT samples anodized under 30V are labelled as HPT30 followed by grit numbers. Thus anodization was performed on 15 different samples and the labels of those samples are presented in Table 1 . HPT at 30 V HPT30-120 HPT30-800 HPT30-1200 HPT30-4000 HPT30-14000
The morphology of the titania nanotubes was observed on a Jeol JSM 6500F field-emission SEM. Secondary electrons under accelerating potential of 10 kV were used for the observation. Nano Measurer 1.2 software was used to measure the nanotube morphologies including top and bottom diameters, and TNT layer thickness. seen from these TEM images that the microstructure is reasonably homogenous and grain size had been refined to nano-scale after HPT processing. Even with a small aperture size of 360 nm, the diffraction pattern still presents lots of spots arranged in circles, indicating several grains with high angle grain boundaries exist in this small area [5] . In addition, the significant spreading of spots confirms the existence of high microstrains [34] . locally "smooth" surface at the bottom of a scratch. In this image, the width of the crack edge is about 100 nm, so the percentage of the "rough" scratch area in the image is about 10.8%.
Surface roughness before anodization
Although the 4000 grit sample is smoother in terms of the macroscopic R a , the magnified SEM image shows that it is actually much rougher (Figure 4 (d) ), containing more irregularities at the scale of the nanotube diameters (~30-80 nm). The area within the scratch is rough and rippled therefore can be regarded as a locally "rough" area while the surface outside of the scratch is smooth. So in the 4000 grit sample, the percentage of the rough scratch area is about 28 % in Figure 4 (d). For the 14000-grit sample, the majority of the surface is smooth with only a very small scratch seen in Figure 4 (e). The width and length of the scratch is about 80 and 100 nm. The percentage of the scratch on the surface is about 0.2 % in this image.
TNT Growth mechanisms for substrates in different roughness and grain sizes
The current density vs. anodization time, j-t, transient curves for samples subjected to different mechanical preparations are shown in Figure 5 , which demonstrates that mechanical preparations lead to three types of curves:
(i) Typical j-t curves: 120, 800 and 1200 grit samples
The 120, 800 and 1200 grit samples in Figure 5 show typical features of j-t curves with three stages (I, II and III) [35] during the formation of TNT layers [36, 37] . HPT samples anodized at 30 V show similar trends as CG samples in the same anodization conditions. For surfaces pre-treated by 120, 800 and 1200 grit abrasive papers, little difference is found between TNT layers on CG and HPT samples.
(ii) The lowest current density: 4000 grit samples (iii) The highest current density: 14000 grit samples
The CG30-14000 and the CG15-14000 sample show the typical three-stage trend but at a much higher j compared to the four samples with rougher surface conditions in the same anodization condition. For the HPT30-14000 sample, although it shows a similar j to the CG30-14000 sample, it is difficult to distinguish Stage I, II and III on the j-t curve. One simply observes a monotonic decrease of j along the whole anodization period on the HPT sample. To further investigate the influence of R a on the TNT growth, the layers of anodized nanotubes were peeled off from the Ti substrate on the CG 800, 4000 and 14000 grit samples to reveal the bottom morphologies of TNTs ( Figure 7) . The CG 120, 800 and 1200 samples show similar j-t curves ( Figure 5 ) and SEM images (Figure 6 (a)-(c) ), therefore one sample (CG30-800) is selected as the representative of these three samples shown in Figure 7 (a).
TNT morphologies
The insets in Figure 7 are the TNT bottom morphologies on HPT samples with the same imensions at different surface condition on samples with different grain sizes is given in Table 2 . Figure 2 shows that the grain size of CP titanium has been substantially refined from ~13 µm to ~ 140 nm after HPT processing. (It should be noted that grain sizes measured from dark field images can slightly underestimate the grain size due to distorted layers at the periphery of each grain [5] .) The HPT processed Ti has large grain boundary misorientations [38] , Most SPD-processed materials demonstrate enhanced hardness and strength at room temperature [39] . For conventional polycrystalline metals, the relationship between the strength as well as the hardness and the mean grain size can often be described by a HallPetch relationship [40] :
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Where is the yield stress or the hardness, is the average grain size, 0 , and are material constants. Table 3 summarizes the mechanical properties and grain sizes of CP Ti obtained in this work and in the literature with different SPD processing (including equalchannel angular pressing (ECAP)). It can be seen that after HPT processing, the grain size of CP titanium are all substantially refined and the UTS and Hv values are all improved with fair ductility. The main mechanism involved in grain boundary strengthening is the build-up of dislocations [39, 42, 43] at grain boundaries during deformation, and a detailed analysis of dislocation density and grains size data shows [39] that dislocation hardening is the main factor determining the improvements in strength in many SPD-processed pure and CP metals [42, 43] , including Ti.
The influence of mechanical preparation on the morphologies of TNTs
The reasons for the complex relationship between TNT size and sample preparation methods (shown in Figure 8 ) can be illucidated by careful examinion of the j-t curves, as the size of
TNTs is a result of the competition between oxide formation and dissolution, which is reflected in those curves. The present results show that both d ex and d bt decrease with increasing j. For example, the CG30-14000 grit sample shows the highest j in Figure 5 , and in 
As the potential U is constant, the electric field F=U/ δ b decreases continuously with increasing thickness of oxide δ b , leading to a drop of current ( Figure 5 ) and j is related to the thickness of the compact oxide layer δ b as [28] :
where α and β are electrolyte and material dependent constants. From Eq. (3), it can be seen that a thick TiO 2 barrier layer δ b will cause a low j. In Figure 5 , the value of j from the lowest to the highest are on the CG30-4000, CG30-800 and CG30-14000 samples, respectively, therefore their δ b after Stage I will decrease in that order. The value of t c at the top of TNT layers after the anodization process, also supports this relation (Figure 9 ), because this capping oxide layer seen at this stage is the penetrated compact oxide layer formed in Stage I [24] , therefore the value of t c shows the value of δ b when TNTs started nucleation.
From is induced due to the presence of F - [37] :
Similar to the case of oxide formation, the oxide dissolution is also determined by field-aided F -migration, therefore the electric field for oxide dissolution also decreases with increasing δ
Since the CG30-14000 sample demonstrated the highest j, oxide dissolution on this sample is the strongest (highest Mechanical preparation of metallic samples can remove all the original surface oxides. But this will unavoidably introduce a plastically deformed layer at the surface of metals, because even the finest scratch will create a deformed layer underneath [46] . Based on the work by Samuels [46] , a schematic diagram of the surface deformation layer on titanium samples used in this study is provided in Figure 10 . The layer at the bottom is the fragmented layer at the surface which contains scratches. A thinner significant deformation layer exists beneath the root of a scratch. The grit number is inversely proportional to the width of the largest scratch, and thus the larger the grit numbers the thinner the deformation zone and the smaller the surface strain. Figure 10 Schematic of titanium surfaces after different mechanical preparation with the fragmented layer and deformation layer depicted [46] .
The fragmented layer consists of severely plastically deformed material. For the 120, 800 and 1200 grit samples, the surfaces are fully covered by scratches, and hence the oxides on those samples formed during anodization should all originate from severely deformed titanium in the fragmented layer. So there is little difference between the CG sample and the HPT sample, because they all have this fragmented layer after mechanical preparation. However HPT and CG samples differ in terms of the characteristics of the material below the fragmented layer and the deformation layer. The difference between TNT layers on the CG and the HPT sample appeared when the grit number increases to 4000 ( Figure 6 and Figure 7 ). This is probably due to the surface containing a thinner deformation layer, so the largely undisturbed materials (the topmost layer in Figure 10 ) can be turned into oxides. Whilst the severe plastically deformed layers on CG and HPT samples are similar, these samples differ substantially in terms of the material beneath the significantly deformed layer (Figure 2 ). This can explain why the influence of grain refinement on the growth mechanism and morphology of TNT layers appears for grinding papers of 4000 grit and finer.
The influence of substrate grain size on the TNT morphologies
For an ideal hexagonal arrangement of nanotubes [37] (Figure 11 (a) ), d bt is equal to i d .
However, for the CG 4000 grit sample, i d is larger than d bt by 18.4% (Table 2) faster initiation rate of TNTs on the HPT sample is probably due to a faster oxide dissolution rate on the HPT sample. This consideration can also be applied to 14000 grit processed samples, i.e. on the CG30-14000 sample, the typical three stages in the j-t curve are still
shown, but with a much weaker "valley" when compared with other CG samples ( Figure 5 ).
This suggests that the nucleation rate of TNTs on the CG30-14000 sample is much quicker than the other CG samples. Since oxide dissolution happens quicker on the HPT sample, so its j-t curve monotonously dropped and the "valley" almost disappeared. It suggests that the TNT nucleation rate on HPT sample is quicker than that on CG sample, leading to an even smaller d bt .
HPT processing can change the surface oxide in both composition and structure on pure titanium. According to Ref. [47] , the natural oxide layer on HPT Ti samples was quite different from that on their CG counterparts in chemical bonding structures. XPS studies revealed that the HPT-processed substrates showed a weakening of the Ti bonding in the TiO 2 on HPT sample, which may lead to the faster dissolution rate of the oxide during the formation of TNT layers.
Conclusions
HPT and anodization have been used to modify the bulk and surface properties of titanium for biomedical applications. After 10 turns of HPT under a 3 GPa load, the grains were refined from 10 µm to 140 nm, and the microhardness and the tensile strength were both increased substantially. After anodization on sample surfaces that were mechanically ground using different procedures, the diameter of TNTs has a complex relationship with the surface roughness. TNTs on 14000 grit diamond paste polished samples possessed the smallest TNT diameters, while samples ground by 4000 grit abrasive papers had the largest TNT diameter.
All the samples ground by 1200, 800 and 120 grit abrasive papers showed similar TNT morphologies with intermediate diameters. Analysis using recorded j-t curves, SEM and roughness measurements, suggests the titanium surface at nanoscale affects the oxidation rate and thus affect TNT morphologies, whilst roughness on a larger scale (beyond ~100 nm) has little effect. Mechanical preparation significantly affects the morphology of TNTs. HPT processing influences TNT layers only for surface preparations with grit size of 4000 or finer.
The oxide dissolution rate was faster for TNT layers on titanium with an UFG microstructure fabricated by HPT processing.
